Abstract. Compaction has a significant influence on the performance of asphalt mixtures. Insufficient compaction leads to premature permanent deformation, excessive aging, and moisture damage. The optimum asphalt content was 4.7 % using Marshall Compaction method. Bulk density of (2.351) gm/cc was obtained at OAC with 75 blows of Marshall compactive effort as a benchmark. Same density was achieved using the other two techniques, Gyratory and Roller compactive efforts. Results indicate that (75) blows of Marshall Compaction, are equivalent to (148) gyrations in Gyratory Compactor with pressure of (600) KPa and angle of gyration of (1.25°), and they are also equivalent to (56) cycles in Roller Compactor at load (5) KN and vibration with air supply of (10) bar, to obtain the same density. A total of 162 Marshal Size specimens were prepared, using Marshall, and Gyratory Compaction techniques, based on OAC of 4.7 % with additional asphalt contents of 0.5% above and below the optimum value. Twelve slabs of (40 x 30 x 6.35) cm were constructed using Roller Compactor and (6) core specimens were obtained for each slab. All specimens were subjected to the Indirect tensile strength (ITS) at 25ºC, 40ºC, and 60ºC, temperature susceptibility (TS), and tensile strength ratio (TSR) test for the three methods of compaction. The main objective of this study is to evaluate impact on the tensile and temperature susceptibility of compacted hot mix asphalt concrete (HMA) when using three methods of compaction to achieve same density.
INTRODUCTION
Compaction is a key step in the pavement construction process as the performance of pavement largely depends on quality of compaction. The quality of an asphalt pavement depends largely on the quality of the construction techniques used, (Van, 1986) . Mix properties, such as density, particles orientation and air voids are highly dependent on the degree and method of compaction. These properties in turn affect pavement performance indicators, such as rutting and fatigue cracks. Simulation of field compaction technique in the laboratory is considered as vital element in understanding the expected performance of asphalt concrete. The difference between laboratory compaction methods is not only the result of the evaluation procedure but is also the consequence of the compaction technique used. A well designed and well produced mixture performs better, and have better durability and mechanical properties when it is well compacted, (Karim, 2010) .
BACKGROUND
Many studies were conducted to measure the performances of the asphalt pavement constructed with different compactive effort. The objective behind laboratory compaction is to simulate the compaction achieved in an asphalt pavement. Historically, three laboratory compaction methods have been used in asphalt laboratory mix design, those are:
Compaction by Impact (Marshal Hammer)
This is the oldest technique in laboratory compaction (ASTM D1559, 2009 as shown in fig.1 , (Consuegra et al., 1992) concluded that the Marshall least simulates the actual field conditions that will be encountered by pavement during its service life.
Gyratory compaction
This compaction produces a kneading action on the specimen by gyrating the specimen through a horizontal angle. During the process of compaction, a vertical load is applied while gyrating the mold in a back-and-forth motion. Today, the Gyratory compaction method is commonly used in the mix design process in France. Fig.2 shows gyratory machine.
Compaction by Roller
Roller Compactor as shown in fig.3 follows European Standard for preparation and compaction of slabs. It does the compaction of asphalt concrete in a different mode using both vibration and dynamic loading; and it was considered as more representative of conditions at the job site. It could give samples that are more homogeneous in which; the element arrangement pattern comes close to those obtained on the job site, (Sarsam, 2008) .
Comparison of laboratory Compaction Methods
The advantage of Marshall Method is its attention to density and voids properties of HMA. It ensures the volumetric proportions of mix materials for achieving a durable mix, which is backed by field performance data, (Kumar et al, 2012) . The weight of hammer used to compact is 44.52 N and height of fall being 457 mm. During this process the aggregate degradation takes place, aggregate structure that is carefully chosen to achieve maximum density is lost. In case of roller compaction, the material has certain scope for the movement or adjusting itself under the roller. The HMA is subjected to kneading action but in case of a Marshall hammer the blow given by hammer produces dynamic loading effect rather than kneading action, (Memon, 2006) . Sarsam (2005) believed that conventional sample preparation method such as that of Marshall Method which uses small compacted cylindrical specimens could be replaced by another method better adapted to the new requirements that must be met by asphalt concrete. It was felt that the Roller Wheel Compactor developed by TRRL is more representative of conditions at the job site. (Button, 1994) , indicated that Rolling Wheel Compactor simulates properties closer to field compaction than others, however, the available Rolling Wheel Compactor is not widely used, as standard compaction device for mix design analysis. Therefore, it was developed as an improved laboratory compaction method, in order to provide a solution to the problem of laboratory compaction for field simulation conditions. (Jalili, et al, 1992 ) studied the effect of field and laboratory compaction on physical properties of asphalt concrete, they presented a mathematical model correlating Marshall stability with other Marshall properties for each of the compaction methods, they concluded that Marshall stability is highly dependent on the gradation of the mix and asphalt content for cored and slab remolded samples.
They also stated that Marshall stiffness for cored samples were less than that of fresh samples and represent 25.5 % of it for binder course, and 18.5 % of it for asphalt stabilized base course. (Consuergra et al., 1992) evaluated the ability of five compaction devices to simulate field compaction. The results of their study showed that Gyratory Compactor was the best in terms of its ability to produce compacted mixtures with engineering properties similar to those produced in the field. The California Kneading Compactor was ranked second based on its ability to replicate field conditions. Neither the Marshall Impact Hammer nor the Arizona Vibratory Kneading Compactor was found to be very effective. (Von Quintus et al., 1988 ) described the effect of five different laboratory compactors on the selected properties of the compacted mixtures. Field cores and specimens compacted in the laboratory were tested for indirect tensile strength (ITS). The authors compared the similarity between laboratory compaction and field compaction techniques. The ranking of the Compactors by order of performance was (Gyratory Compactor, Rolling Wheel Compactor, Kneading Compactor, Arizona Vibratory/Kneading Compactor, and Marshall Hammer). (Kumar et al, 2012) , studied the effect of water damage on specimens compacted by Marshall, Gyratory, and Rolling Compactors using Bitumen of Viscosity Grade-30. It indicated that specimens compacted by three methods of compaction are with limits, but Gyratory compactor exhibited specimens with higher TSR than others, they concluded that Gyratory specimens are less susceptible to water damage than others are.
PROPERTIES OF MATERIALS
The materials used in this study are selected from the currently used materials in road construction in Iraq.
Asphalt Cement
Asphalt cement of penetration grade (40-50) was used as a binder; it was brought from Al-Dura refinery. Table 1 presents the physical properties of asphalt cement.
Coarse and Fine Aggregate
Crushed coarse aggregate (retained on sieve No.4) was obtained from ALNibaae quarry. Crushed sand and natural sand were used as fine aggregate (passing sieve No.4 and retained on sieve No.200), brought from the same source. It consists of hard, tough grains, free from deleterious substances. Table 2 presents the physical properties of aggregate. 
Mineral Filler
Ordinary Portland cement has been used as mineral filler in this study, which is obtained from Tasluga cement factory. The physical properties are shown in table 3.
Selection of Aggregate Gradation
The selected gradation in this study followed the (SCRB, 2003) specification for wearing course with 12.5 (mm) nominal maximum aggregate size. Table 4 shows the selected aggregate gradation. 
Preparation of Asphalt Concrete
The specimens were prepared in accordance with (ASTM D1559, 2009), aggregates and filler were heated to 160 ° C , Asphalt was heated up to 150 °C prior to mixing, and it was added to the hot aggregate, placed on hot plate and mixed for two minutes until the aggregates are thoroughly coated. Immediately after mixing, each individual loose mixture was placed in a flat pan in an oven for 4 hours for shortterm aging at a temperature equal to the mixture compaction temperature 145º C to simulate what is happening for the hot mix during the mixing, Storage, and placement operations.
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Preparation of Marshal Compaction Specimens
The loose asphalt concrete was compacted in Marshal Molds using the 75 blows of compaction hammer on each specimen face. The compaction temperature was 145 ° C. Next, the specimens were transferred to smooth surface at room temperature to cool overnight, and then were withdrawn from the mold. 36 specimens were prepared and implemented for ITS test at (25, 40, 60) º C and TS at 25 ºC and 40 ºC, TSR test by adopting OAC of 4.7 % with an additional AC contents 0.5 % above and below the OAC. Test results are based on the average value of three specimens for each test. The bulk density was determined at OAC and was considered as benchmark for preparation of specimens by other compaction techniques. Fig. 4 shows group of Prepared Marshall Specimens.
Preparation of Gyratory compaction Specimens
Based on the bulk density and asphalt content of Marshall Specimens, Gyratory compaction with a vertical pressure of 600 KPa and angle of gyration of 1.25° was implemented for preparation of asphalt concrete Specimens. The number of gyrations was 148 at a rate of (30) rpm was obtained from trial specimens. Trial specimens were compacted by applying (50, 75, 100, 125, 150) gyrations, and the bulk density was determined for each set, and the required number of gyrations which gives the required bulk density was selected. The cylindrical specimen of 10.16 mm in diameter and 6.35 mm in height were prepared in accordance with (ASTM D6925, 2009). Fig.5 shows part of Specimens Prepared using Gyratory Compactor. The specimen was extracted from the mold after compaction, and left to cool at room temperature for 24 hours. The 45 specimens were prepared and tested for ITS at (25, 40, and 60) ºC, TS at 25 ºC and 40 ºC, TSR test by adopting OAC of 4.7 % with an additional asphalt contents of 0.5 % above and below the OAC. Test results are based on the average value of three specimens. 
Preparation of Roller Slab samples
The Pneumatic Roller Compactor was used in this study. It follows European Standard (EN 12697 -33) and provides a pneumatically powered means of compacting slabs of asphaltic material with dimension of (300x400) mm, 63.5 mm thick in the laboratory under controlled conditions, which simulate in-situ compaction. The level of vertical load was 5 KN and vibration with air supply of 10 bar were implemented for preparation of slab samples. Three trial slab samples were prepared by applying 20, 40, 60, load cycles, and checked for bulk density. The optimum number of load cycles required to obtain the same Marshal Bulk density was 56 cycles. Each prepared slab was kept 24 hours in the mold for cooling, after that withdrawn from the mold. Six Core specimens were obtained from each slab using diamond bit as shown in fig. 6 . Twelve slab samples were prepared by adopting OAC of 4.7 %, with additional asphalt contents of 0.5 % below and above the optimum value. Slab cored specimens were tested for ITS at (25, 40, and 60) ºC, and TS at 25 ºC and 40 ºC, and TSR test. Results of the above tests are based on the average value of three specimens. Fig.7 shows part of the prepared slabs and cored specimens.
ANALYSIS OF THE ITS TEST RESULTS AND TEMPERATURE SUSCEPTIBILITY
Indirect tensile strength Test
Specimens of ITS test were prepared using Marshall, 
ITS Test Results at 25°C
Results show that indirect tensile strength ITS of specimens prepared using the three methods of compaction increases with increasing asphalt content up to OAC, then decreases with further increase of asphalt content, such results comply with the findings by (Brown et al, 2001 ). According to (Sarsam, 2002) .
Tensile strength ratio TSR
The TSR test followed (ASTM D4867) procedure was performed to evaluate the moisture damage resistance of mixtures. A set of specimens were prepared, half of them were tested for indirect tensile strength by storing in a water bath at (25) ºC for (30) minutes, and an average value of Indirect Tensile Strength for these specimens was computed as SI (ITS for unconditioned specimens). The other half of specimens was conditioned by placing in volumetric flask (4000) ml heavy-wall glass filled with water at room temperature of (25) ºC, then a vacuum of 3.74 KPa was applied for 10 min to obtain 70 % level of saturation. The specimens were then placed in deep freeze at (-18) ºC for 16 hours. Then they were placed in a water bath for (24) hours at (60) ºC. The specimens were placed in a water bath at (25) ºC for (1) hour, and they were tested for Indirect Tensile Strength, the average value was computed as SII (ITS for moisture conditioned specimens). Table 5 demonstrated that gyratory compaction shows the highest TSR % at all of the asphalt percentages when compared to that of roller or Marshal Specimens. Generally, the TSR % increases with the increment of asphalt content. This may be attributed to the fact that more asphalt is beneficial in providing adhesion between aggregate and asphalt cement. Such finding agrees well with (Kumar et al, 2012) . Table 6 and 7 show that ITS of the three methods of compaction increases with increasing asphalt content up to OAC, then decreases with further increase of asphalt content. The reduction in ITS is very significant due to the increase of test temperature as compared to table 5, and this is expected, since, the increase in temperature decreases the cohesion of asphalt binder due to reduction of viscosity of asphalt. On the other hand, the same causes a reduction in adhesion between asphalt cement and aggregate which leads to lower tensile strength, this result complies with findings of (Salifu, 2010) ; and (Leiva and West, 2008) , who pointed the direct linear relationship between mixture cohesion and ITS. Table 6 show that ITS of specimens compacted by Gyratory is 8.2% higher than that compacted by Marshall Compactor. The tensile strength of Roller Compacted specimens is lower than that of Marshall and Gyratory Compactors by (56.3, and 59.6 ) % respectively at OAC. This behavior is attributed to differences in compaction Table 7 show that ITS of three methods of compaction decreases with increasing asphalt content. ITS of specimens compacted by Gyratory is higher by 203% as compared to that compacted by Marshall. ITS of specimens compacted by Roller Compactor is lower when compared to that compacted by Marshall and Gyratory Compactors by (37, and 79.2) % respectively at OAC. This is attributed to the same reasons which comply with same findings mentioned previously. Fig.9 demonstrates the variations in ITS with testing temperatures for different compaction techniques.
ITS Test Results at 40°C
ITS Test Results at 60°C
Temperature Susceptibility (TS)
The 
CONCLUSIONS
Based on the limited testing program, the following conclusions are drawn: 1-At optimum asphalt content, specimens compacted by Gyratory exhibit higher ITS at (40, 60) °C, and TSR when compared to Marshall or roller compaction. The rate of increase was (8.2, 202.9, 7.4) % respectively.
2-At 25 °C, ITS and TS decrease by (18.9, 46.7) % respectively at OAC for gyratory specimens when compared to that of Marshal.
3-At OAC, Roller Compacted specimens exhibit higher TSR when compared to Marshall Specimens, such variation is 5.9 %. It shows lower ITS at (25, 40, 60) °C, and lower temperature susceptibility by (70.5, 56.3, 37, 85 .1) % respectively. 4-From the relationship between Marshall, Gyratory, and Roller compactors, it was found that (75) blows of Marshall Compactor are equivalent to (148) gyrations for Gyratory Compactors and (56) cycles for Roller Compactor for the same bulk density and asphalt content.
5-Roller compaction exhibits specimens of lower ITS at (25, 40, 60) °C, and lower temperature susceptibility, and TSR as compared to Gyratory specimens, such variation is (63.7, 59.6, 79.2, 72.1, 1.4) % respectively at optimum asphalt content.
6-Specimens compacted by Roller are less susceptible for temperature variations than those compacted by Marshall and Gyratory Compactors. On the other hand, it indicate that specimens compacted by Gyratory Compactor are less susceptible for moisture than those compacted by Marshall and Roller Compactors.
